In this paper, a multimodal theory accounting for higher order acoustical propagation modes is presented as an extension to the classical plane wave theory. This theoretical development is validated against experiments on vocal tract replicas, obtained using a 3D printer and finite element simulations. Simplified vocal tract geometries of increasing complexity are used to investigate the influence of some geometrical parameters on the acoustical properties of the vocal tract. It is shown that the higher order modes can produce additional resonances and anti-resonances and can also strongly affect the radiated sound. These effects appear to be dependent on the eccentricity and the cross-sectional shape of the geometries. Finally, the comparison between the simulations and the experiments points out the importance of taking visco-thermal losses into account to increase the accuracy of the resonance bandwidths prediction.
In this paper, a multimodal theory accounting for higher order acoustical propagation modes is presented as an extension to the classical plane wave theory. This theoretical development is validated against experiments on vocal tract replicas, obtained using a 3D printer and finite element simulations. Simplified vocal tract geometries of increasing complexity are used to investigate the influence of some geometrical parameters on the acoustical properties of the vocal tract. It is shown that the higher order modes can produce additional resonances and anti-resonances and can also strongly affect the radiated sound. These effects appear to be dependent on the eccentricity and the cross-sectional shape of the geometries. Finally, the comparison between the simulations and the experiments points out the importance of taking visco-thermal losses into account to increase the accuracy of the resonance bandwidths prediction. V C 2015 Acoustical Society of America. In voice production, as well as in voice analysis, such as inverse filtering, for instance, plane wave propagation is assumed inside the vocal tract. In other words, it is assumed that the acoustic pressure only depends on the propagation direction and that a one-dimensional description of the vocal tract shape, using an area function, is sufficient to predict the acoustic field both inside and outside of the vocal tract. Classical textbooks (e.g., Fant, 1971; Flanagan, 1972; Stevens, 2000; O'Shaughnessy, 1987) often indicate that these descriptions rely on a low frequency assumption, so the limits of validity of the underlying theory are not clearly established.
As our knowledge concerning the sound sources increases (e.g., Kniesburges, 2013; Zheng et al., 2011; Jackson and Shadle, 2000; Thomson et al., 2005) , the ability to extract the three dimensional vocal tract geometry also increases (e.g., Story, 2008; Narayanan et al., 1995; Woo et al., 2012) . In vivo measurements, or computer simulations, often enhance spectacular departures from plane wave theory even at moderate frequencies (on the order of 5 kHz, Dang and Honda, 1997; El-Masri et al., 1998; Takemoto et al., 2010; Vampola et al., 2013) .
As a plausible explanation for these departures, we first present a theoretical investigation of sound propagation inside a simplified vocal-tract-like waveguide focusing, in particular, upon the three dimensional effects due to the presence of higher order acoustical modes. The goal of this paper is not only to apply a theoretical model to account for them but also to compare the predictions with experiments and specific observations relating the vocal-tract-like geometries.
The validation of the implementation of the proposed theoretical model will be performed against finite element numerical simulations and the acoustic measurements performed on mechanical replicas of the vocal tract.
We will consider geometries with increasing degrees of complexity. Simple academic approximations, such as twotube concatenations, will also be useful to enhance some three dimensional geometrical effects.
The paper is structured as follows. The multimodal theory is detailed in Sec. II. The geometries used for this study, the experimental setup, the transfer function measurement method, and the finite element simulation method are presented in Sec. III. In Sec. IV, the measurement and simulation results are compared and the difference between the geometries are discussed.
II. MULTIMODAL THEORY
In this section, the multimodal theory used to compute the acoustic pressure and velocity in a variable cross-section waveguide is detailed. This theory has been developed by several authors including Roure (1976) , Kergomard et al. (1989) , Pagneux et al. (1996) , and Kemp (2002) . It has already been applied to the vocal tract case with rectangular cross-sections by Motoki et al. (2000) . The aforementioned works are extended to consider straight vocal tract geometries with arbitrary cross-sections and eccentric junctions. The strategy is to divide the waveguide in a succession of constant cross-section waveguides in which the Helmholtz equation can easily be solved. By applying the continuity equations of the pressure and the velocity at each junction and taking into account the radiation impedance at the open end of the waveguide, one can back-propagate the impedance or admittance matrices from the open end to the entrance. The acoustic pressure and velocity can then be propagated from the entrance toward the exit and computed in each section.
In what follows the assumptions of linear acoustics (small perturbations assumption) are considered.
A. Constant cross-section waveguides
The pressure p and the velocity v x 3 in the propagation direction x 3 inside a waveguide with arbitrary constant cross-section shape can be expressed as the summation of the contribution of an infinity of propagation modes w n (Morse and Ingard, 1986) weighted by a propagation factor ðA n e
Àjk n x 3 6B n e jk n x 3 Þ and a time evolution factor e jxt ,
where ðx 1 ; x 2 ; x 3 Þ is a generalized coordinate system, x 3 is the propagation direction, x is the angular frequency, and q is the constant air density. The functions w n are the solutions of the two dimensional Helmholtz equation for the crosssection shape. They are part of an orthogonal modal basis and they satisfy a normalization condition
where S is the cross-section surface. For rectangular cross-sections w n are a combination of sine and cosine functions, for circular cross-sections they are a combination of Bessel, sine and cosine functions and for elliptical cross-sections they are a combination of Mathieu (Abramowitz and Stegun, 1972) , sine and cosine functions. In the general case there is no analytical expression for w n . It is, however, possible to get an approximation for them using numerical methods such as finite differences or finite elements.
To each mode w n of this basis corresponds a modal wavenumber k n in the propagation direction x 3 which satisfies the dispersion relationship
where k ¼ w=c is the free field wavenumber and c is the sound speed at rest. To avoid heavy expressions it is more convenient to use a vector notation (throughout this article vectors and matrix are in bold) and to omit the e jxt factor:
where superscript t is the transpose operator, w ¼ ½w 1 ðx 1 ;
Àjk 2 x 3 þ B 2 e jk 2 x 3 ; …; A n e Àjk n x 3 þ B n e jk n x 3 t , and
ÀB 2 e jk 2 x 3 Þ; …; k n S=xqðA n e Àjk n x 3 À B n e jk n x 3 Þ t . Solving the wave equation with the expressions of Eq. (4) for the pressure and the velocity allows writing two relationships between the pressure and velocity modal amplitudes P and U at two different locations. Consider two points located within the waveguide at the abscissas x ð0Þ 3 and x ð1Þ 3 . P ð0Þ and U ð0Þ at x ð0Þ 3 can be known from P ð1Þ and U ð1Þ at x
with
where D 1 ¼ diag(cos ðk n dÞ) is a diagonal matrix whose terms are cosðk n dÞ with d ¼ x
3 , D 2 ¼ diag(j sinðk n dÞ), and Z c is the characteristic impedance matrix obtained as Z c ¼ diagðkqc=k n SÞ. 
Using
3 ,
Following the same procedure and using the equation U ðiÞ ¼ Y ðiÞ P ðiÞ allows us to write three other relationships between the impedance and the admittance matrices at x 
B. Junctions between sections
At a junction between two ducts with different crosssections it is necessary to find a relationship between the modal basis of each section. Let us consider two ducts a and b whose cross-sectional surfaces are S a and S b , respectively (see Fig. 1 ). Applying the continuity of both the pressure and the velocity on each side of the junction yields
Hereafter the subscript b always refers to the duct with the largest cross-section and the subscript a to the smallest one. If one assumes that S a < S b and S a lies inside S b , multiplying both sides of Eq. (11) with w Ã a =S a and integrating over S a leads to
In the same way multiplying Eq. (12) with w Ã b and integrating over S b yields
Yet we have
where the dagger represents the transpose conjugate. Thus defining F as
Equations (13) and (14) can be rewritten as
Given that P ¼ ZU and U ¼ YP, Eqs. (16) and (17) can be expressed as
C. Computation of the acoustic pressure and velocity fields
The radiation impedance matrix at the open end (last cross-section) can be obtained analytically in the case of a circular or a rectangular waveguide flanged into an infinite baffle using Zorumski (1973) and Kemp et al. (2001) expressions, while for an arbitrary shaped cross-section this can be achieved by numerically integrating the expression
and S being the crosssection surface at the open end of the waveguide. This impedance matrix can be back-propagated towards the entrance of the waveguide. To do so, Eqs. (18) and (19) allow one to propagate the impedance and admittance matrices through a junction. However, these matrices can be poorly conditioned and inversion must be avoided. Thus the impedance matrix must be used for expansions and the admittance matrix for contractions. This constraint introduces four different cases for the projection of the impedance or admittance matrices from a junction to another which are described in Fig. 2 .
For case (a), both junctions are expanding so the impedance matrices can be propagated through the junctions with Eq. (18) and Z ð0Þ can be computed from Z ð1Þ with Eq. (7). On the contrary, in case (c) both junctions are contracting so the admittance matrices can be propagated through the junctions with Eq. (19) and Y ð0Þ can be computed from Y ð1Þ with Eq. (9). Case (b) is expanding and then contracting, so the admittance matrix can be propagated through the junction of the right and the impedance matrix can be propagated through the junction of the left. The impedance Z ð0Þ can be computed from the admittance Y ð1Þ with Eq. (8). The opposite case (d) is contracting and then expanding, so the impedance matrix can be propagated through the junction of the right and the admittance matrix can be propagated through the junction of the left. The admittance Y ð0Þ can be computed from the impedance Z ð1Þ with Eq. (10). However D 1 and D 2 in Eqs. (7)- (10) contain very large terms for evanescent modes which induce round off numerical errors. To ensure numerical stability, a new diagonal matrix D 3 ¼ diag(tan ðk n dÞ) is introduced. Equations (7)- (10) are rewritten using only D 
In the case of a source located at the entrance, the pressure or the acoustic velocity of the source can be projected on the modal basis which describes the pressure and velocity field at the source location. For a source delivering a velocity v s on a surface S s , the modal amplitude U s corresponding to the source can be found with
The pressure and the velocity modal amplitudes can be then propagated from the entrance to the open end. Introducing Y ð1Þ and Z ð1Þ into Eqs. (5) and (6) leads to
which allow one to propagate P or U (depending on whether the impedance or the admittance is known) through a constant cross-section waveguide portion. The vectors P and U can then be propagated through the junctions using Eqs. (16) and (17). Equations (5) and (6) allow to compute P and U at any abscissa x 3 and the pressure p and the axial velocity v x 3 can be computed with Eq.
(1) at any point inside the waveguide. The pressure field radiated by the waveguide can be computed using the Rayleigh-Sommerfield integral This multimodal theory has been implemented with OCTAVE to perform simulations. Finite differences have been used to compute the w n functions. This simulation method will be called the multimodal method (MM) hereafter.
III. METHODS

A. Vocal tract geometries
Five different vocal tract geometries are considered in this work (see Fig. 3 ).
First, in order to study the effect of the eccentricity of a junction between two waveguide sections, two geometries have been considered.
(1) One with two cylindrical tubes sharing the same central axis [ Fig. 3(a) , called the "centric case" hereafter]. (2) One with two cylindrical tubes sharing a common line on the edge [ Fig. 3(b) , called the "eccentric case" hereafter].
The two tubes of both geometries are 85 mm long and have an internal diameter of 14.5 mm and 29.5 mm.
Although these geometries are a very rough two tube approximation of the vocal tract, they can be seen as a vowel =a= reproduction (Fant, 1971) . Two replicas of these geometries have been built with Plexiglas tubes to perform measurements. Three more realistic vocal tract geometries of vowel =a= have then been considered using a vocal tract area function provided by Story (2008) . Each of these three simplified vocal tracts is designed to investigate a geometrical detail effect. In the case of the eccentric and the elliptical =a= cases, the length of each section has been adjusted so that the total length of the line that connects the centers of each crosssection (called the midline hereafter) is the same as for centric =a=. Otherwise, numerical tests have shown that a nonexpected shift down of the formant positions can be produced (up to about 2%). Thus the length of each section is 3.88, 3.82, and 3.86 mm for the centric, eccentric, and elliptic =a=, respectively. On the other hand, the eccentricity of the mouth aperture, obtained from Fromkin (1964) for vowel =a=, has been applied to all cross-sections to generate the elliptical vocal tract, as done in . Three replicas of these geometries have been built using a 3D printer (ProJet 3510 SD).
B. Experimental setup
An experimental setup inspired from the work of Motoki et al. (1992) has been developed to measure the acoustic pressure inside and outside of the vocal tract replicas. A scheme of this setup is presented in Fig. 4 . In order to be able to generate sound over the frequency range relevant in speech (100 to 10 000 Hz), two different acoustic sources have been needed. Because a loudspeaker would not provide enough acoustic energy, compression chambers have become necessary. Two chambers have been used: a Monacor KU-916T and an Eminence PSD:2002S-8 for the frequency ranges 100-2000 Hz and 2000-10 000 Hz, respectively. The source is connected to the replica with an adaptation part which features a 2 mm diameter centered communication hole from which the sound radiates inside the vocal tract replica. The acoustic pressure is then measured with a B&K 4182 probe microphone equipped with a 1 mm diameter and a 200 mm long probe. A 3D positioning system (OWIS PS35) allows one to move the probe microphone in all directions with an accuracy of 61.10 À4 m. However, this accuracy can be reduced by the initial positioning which is less accurate (61 mm) and can induce a systematic error. The microphone signal is next transmitted by means of a microphone conditioner (B&K 5935 L) to a data acquisition card (NI PCI-MIO 16 XE) at a sampling frequency of 44 150 Hz. This card is also used to generate the excitation signal which is transmitted to an amplifier (Onkyo a-807) and then to the compression chamber. The whole process is controlled by the LABVIEW program.
The open end of the replica, the microphone, and the positioning system were set inside an insulated room (1.92 Â 1.95 Â 1.99 m, Vol ¼ 7.45 m 3 , Van Hirtum and Fujiso, 2012) . Acoustic foam was placed on the table on which the positioner was located to minimize reflections. The acoustic source was placed outside of the insulated room to avoid interference between the compression chamber and the sound radiated by the replica. A rigid rectangular plane screen made of Plexiglas was set on the exit of the replica to get large dimensions (365 Â 360 mm) compared to the wavelength of interest.
C. Transfer function measurement method
An experimental method has been designed to estimate the transfer function between two points a and b located inside or outside of a waveguide (see Fig. 5 ).
A sinusoidal signal was generated during 1 s for each frequency. This type of signal allows us to provide enough energy to the replica even when anti-resonance is measured. The acoustic pressure was measured by the probe-microphone at the point a and b. The amplifier output electric signal was recorded synchronously. The amplitude and the phase of the recorded signals were extracted using a Fourier transform of each 1 s recording. This allows one to isolate the frequency component of interest and thus to limit disturbances due to harmonic distortion and noise.
The transfer functions H 0a and H 0b (see Fig. 5 ) between the output of the amplifier and the points a and b are first computed. They can be expressed as
where A a , A b , A 0 , / 0a , and / 0b are the pressure amplitudes at points a and b, the amplifier output signal amplitude, and the phase differences between the pressures at points a and b and the amplifier output signal. The transfer function H ab between a and b can then be deduced from H 0a and H 0b computing the ratio
No calibration of the microphone is necessary since the sensitivity factor is eliminated in Eq. (30). H 0a and H 0b can be considered as the product of the transfer functions of the amplifier, the source, the acoustic propagation through the replica to the microphone, the microphone, and the microphone conditioner. These transfer functions are eliminated in Eq. (30) and their influence is thus limited. However, this relies on the assumption that the whole measurement system is linear. This is not the case for the acoustic source, but the effects of the non-linearities are limited by the analysis method which isolates the frequency component of interest, and by the fact that the amplitude of the generated signal is maintained constant during the whole process.
Since they correspond to the ratio of the pressure at two different points and not to the ratio between the pressure at the exit and at the input, the peaks of these transfer functions cannot be considered as formants. However, because of their low sensitivity to experimental artifacts, they are well suited for the comparison with the simulations.
D. Pressure maps
To illustrate the importance of higher order modes and to compare simulations with experiments, the pressure field within the vocal tract and in the near-field was computed and measured at a given frequency for each configuration (see Sec. III A). To do this, the vocal tract was excited at the glottis cross-sectional area with a sinusoidal signal. Its frequency was chosen to coincide with a vocal tract resonance or anti-resonance, which can be obtained from the spectrum of the acoustic pressure at the vocal tract exit. It is thus different from the pressure-pressure transfer function frequencies presented in Tables I and II . Since small differences can be produced between experiments and simulations, these values were extracted for each method to ensure similar pressure distributions. The acoustic pressure was then tracked in a structured grid of points with a distance of 2.5 mm apart (see Fig. 6 for the eccentric =a=). The acoustic pressure amplitude was finally computed to obtain a pressure map.
E. Finite element simulations
The finite element method (FEM) was used to solve the time domain wave equation for the acoustic pressure. First, each one of the vocal tract models presented in Sec. III A were set in a rigid baffle with dimensions 0.3 m Â 0.3 m. This baffle constitutes one side of a rectangular volume of 0.3 m Â 0.3 m Â 0.2 m in size which allowed sound waves to radiate out from the vocal tract. Free-field radiation conditions were then emulated by means of a perfectly matched layer (PML) of width 0.1 m that surrounded this radiation space and absorbed the outgoing sound waves. The PML was configured to get a reflection coefficient of r 1 ¼ 10
À4
at its outer boundary. The resulting computational domains were then meshed using tetrahedral elements with a size that ranged from 0.002 m within the vocal tract and immediate outer space, to 0.005 m in the radiation space and 0.0075 m in the PML region. As far as boundary conditions are concerned, a Gaussian pulse of the type GPðnÞ ¼ e ½ðDt nÀT GP Þ0:29T GP 2 ½m 3 =s;
with T GP ¼ 0:646=f 0 and f 0 ¼ 10 kHz, was imposed at the vocal tract entrance to compute transfer functions, while a sinusoidal signal, i.e., sinð2p ftÞ, with f corresponding to the frequency of interest was used for obtaining pressure maps (see Sec. III D). To avoid numerical errors beyond the maximum frequency of interest (f max ¼ 10 kHz), the Gaussian pulse was filtered using a low-pass filter with cutoff frequency 10 kHz. At the vocal tract walls, a constant frequency boundary admittance coefficient of l ¼ 0:0025 was imposed to introduce losses. This value was deemed appropriate after a tuning process, where the resonance bandwidths obtained from simulations were adjusted to fit those from experiments. The baffle where the vocal tracts were set was considered rigid, i.e., l ¼ 0 on its surface. A finite element simulation lasting 25 ms for each case was then performed with a sampling rate of f s ¼ 1=Dt ¼ 2000 kHz. Such a high frequency rate is needed to fulfill within the meshed computational domains, a stability condition of the Courant-Friedrich-Levy type. A value of c 0 ¼ 344 m/s was chosen for the speed of sound, which corresponds to the average temperature value of 21 C reported during experiments. Details on the finite element formulation and on the derivation of the boundary conditions can be found in and , respectively.
IV. RESULTS AND DISCUSSION
A. Two cylindrical tubes approximation
The two-tubes geometries are very simple academic cases in which the effect of higher order modes can be highlighted. Indeed, theoretically (Morse and Ingard, 1986) one can predict that the non-planar mode which has the lowest cut-on frequency (6720 Hz at 21 C) features a nodal line w n ¼ 0 located in the middle of the cross-section. w n is positive on one side of this nodal line and negative on the other. In the case of a centric junction both sides of the nodal line are excited by the plane waves coming from the smallest tube. Their contributions to excite this mode compensate each other and is thus zero. In contrast, in the case of an eccentric junction only one side of the nodal line is excited and this mode is expected to be particularly strong inside the larger tube. Figure 7 presents examples of transfer functions measured and simulated between two points on the longitudinal axis x 3 (see Fig. 1 for x 3 definition) . One point is located inside the replica at 30 mm from the source and the other one is outside at 10 mm from the open end. The resonance frequencies and their À3 dB bandwidths are listed in Table I .
Transfer functions
As expected, in the high frequency range (above 5 kHz) resonances and anti-resonances which are absent in the centric case appear for the eccentric one. In experiments, these anti-resonances are located at 7030 and 7380 Hz while additional resonances are found at 7530, 8230, and 9720 Hz (see Table I ). The resonance frequencies of the eccentric case slightly differ from the centric configuration (up to 3.4% lower for R5 of the experimental data) and their bandwidths are smaller (up to 30.2% smaller for R5 of the experimental data). The MM and FEM simulations follow the same trend.
Some small differences can also be observed below 5 kHz. The resonances mainly occur at a lower frequency in the eccentric case compared to the centric configuration (up to 1.6% lower for R3 of the experimental data), except for R1 and R4 which have similar values. This shift down in the resonance frequencies could be explained by the fact that the replica behaves as if it is extended by the eccentricity of the junction. Indeed the midline is longer for the eccentric case.
Both MM and FEM resonance frequencies are close to the experiments, within less than 2%. In general, the bandwidths of the simulations are smaller than those obtained experimentally. This can be understood as an effect of viscothermal losses. Indeed, accounting for visco-thermal losses would reduce the resonance frequencies and increase their bandwidths (Morse and Ingard, 1986) . The MM neglects all visco-thermal losses while FEM account partially for them (see Sec. III E) and are thus closer to the experimental values.
Pressure maps
In Fig. 8 it is shown as an example the pressure maps for the centric (top) and eccentric configuration (bottom) when the seventh formant is excited, for both experiments and simulations. Some cuts of these pressure maps are also shown in Fig. 9 to compare more easily the measurements and the results obtained with each method.
In agreement with the results observed in the transfer functions, no propagation of the higher order modes can be appreciated on the pressure field in the centric case (see top of Fig. 8) . However, the experimental data exhibits some nonplanar waveforms [see Fig. 8(a) ], in contrast to simulations [see Figs. 8(b) and 8(c)]. Although the greatest care was taken when building the replica, it appears that it is not perfectly symmetrical. As a consequence the first higher order mode is slightly excited and propagates. However, the longitudinal pressure profile along x 3 is located on the nodal line of the first non-planar mode and allows one to observe the effect of the plane mode alone. The measured profile appears to be similar to the one obtained in simulations [see Fig. 9(a) ]. Second, the transverse profile along x 2 presented in Fig. 9(b) shows that this effect has a limited impact on the radiated pressure. On the other hand, the iso-amplitude lines are circular outside of the replica [see top of Figs. 8 and 9(b)], showing that the acoustic pressure radiates in spherical waves.
As far as the eccentric case is concerned, the first higher order mode effects can be observed in both experiments and simulations (see bottom of Figs. 8 and 9 ). While the plane mode is still predominant in the narrowest tube, the first higher order mode becomes predominant in the widest crosssection of the replica. The influence of this mode on the radiated field can be observed as well. The radiated sound pattern is no longer spherical [see bottom of Figs. 8 and 9(d)].
Finally, the different curves shown in Fig. 9 have been quantitatively compared. The mean difference between the experiment and the simulations is less than 1 dB for the centric case and less than 2 dB for the eccentric case.
In summary: The two-tubes replicas point out the evidence for higher order modes in simplified two tubes vocal geometries. The importance of the connection of the junctions appears to be critical. When present, these higher order modes strongly affect both the internal and the radiated sound field.
B. 44 tubes approximations
In order to study the effect of higher order modes on more realistic geometries, the three vowel =a= vocal tract replicas presented in Sec. III A have been used. In this case the analysis has been limited to the mid-high frequency range (2-10 kHz), of more interest for the purposes of this work.
Transfer functions
Transfer functions between two points inside the replicas located at 80 and 130 mm from the source on x 3 are presented in Fig. 10 . The resonances and anti-resonances frequencies and À3 dB bandwidths of these transfer functions have been listed in Table II .
As expected from Sec. IV A, one can observe resonances (R3 and R4) and anti-resonances (A1 and A2) for the geometries which feature eccentric junctions which are not observed for the centric configuration.
In the mid-frequency range (2-5.5 kHz) the resonances occur at lower frequencies for the geometries with eccentric junctions. Indeed, for the experimental data they are up to 4% lower (for R2) for the eccentric and the elliptic =a=.
Another effect of the eccentricity at the mid-frequencies is the reduction of the resonance bandwidths. This effect is more important for the elliptic =a=. Thus it appears that the effect of junction eccentricity and cross-section shape on the resonances bandwidths is not negligible even at midfrequencies.
The transfer function obtained for the elliptic =a= is similar to the one obtained for the eccentric =a= up to the high frequencies where the resonance and anti-resonance frequencies are increased for the elliptic =a= (see middle and bottom of Fig. 10) . Indeed, for the elliptic =a= the frequency of R4 and A1 are, respectively, 230 and 510 Hz higher (or 2.8% and 8.8% higher). These resonance and anti-resonance shifts are in fact produced by the change of cross-sectional shape. From a theoretical point of view, this can be attributed to the propagation modes w n in Eq. (1), which are different for circular and elliptical cross-sections. The cut-on frequency of the propagation mode involved in the appearance of the additional resonances and anti-resonances is increased for the elliptic =a=.
Both MM and FEM simulations are in good agreement with the experiments. The maximal difference between resonances and anti-resonances frequencies is less than 5%. The bandwidths of the simulations are smaller than in the experiments. The difference is more pronounced for the MM. As for the two-tubes replicas this can be attributed to the visco-thermal losses which are partially taken into account by the FEM (see Sec. III E) but neglected by the MM. On the other hand, in the experimental data of Fig. 10 one can notice an additional resonance after R4 for the eccentric and elliptic =a= which does not appear in the simulations. The presence of this resonance may be due to experimental issues such as positioning error or small imperfections in the replica.
Pressure maps
In Fig. 11 , examples of pressure maps are presented for the centric =a= (top), eccentric =a= (mid), and elliptic =a= (bottom) at high frequency values for both experiments and simulations. Longitudinal and transversal cuts of these maps along x 3 and x 2 just in front of the open end are provided in Fig. 12 .
For the centric =a=, one can observe the effect of the higher order modes inside the replica for the experimental data [see Fig. 11(a) ]. This is not the case for the simulated data on which the iso-amplitude lines are perpendicular to x 3 inside the replicas [see Figs. 11(b) and 11(c)]. As for the two-tubes this is probably due to small imperfections of the replica. The pressure profile along the central axis x 3 provided in Fig. 12 (a) allows one to observe the effect of the plane mode alone. It appears to be similar to the simulation profiles. On the other hand, the transverse pressure profile along x 2 presented in Fig. 12(b) shows that the effect on the radiated pressure is limited. As a matter of fact, the radiated pressure is spherical.
As expected, this is not the case for the eccentric and elliptic =a=. The effect of the higher order modes inside these replicas can be clearly observed (see middle and bottom of Fig. 11 ). There are local maxima and minima which corresponds to cavity modes. The minima obtained with MM and FEM are more pronounced than those measured experimentally, and the minima of the MM simulations are more important than those of the FEM simulation (see middle and bottom of Figs. 11 and 12 ). This can be linked with the observations made on the transfer functions: the resonances of the simulations have higher amplitudes and narrower bandwidths. The origin of this difference is probably also the problem of taking visco-thermal losses into account.
The pressure radiated by the eccentric and the elliptic =a= appears as strongly directional though it is less noticeable for the elliptic =a= (see middle and bottom of Fig. 11) .
In Fig. 12 , both MM and FEM simulations show pressure profiles which are close to the experimental data. There are, however, some small differences in the amplitude of the minima and the symmetry of the patterns in the cuts performed along x 2 outside of the vocal tracts [see Figs. 12(b), 12(d) , and 12(f)]. In Figs. 12(b) and 12(f), the experimental pressure profile is not perfectly symmetrical, whereas the simulation pressure profiles are. In Fig. 12(d) , the two lobes of the experimental data have almost the same amplitude, whereas for both MM and FEM the left lobe has a smaller amplitude than the right lobe. Small differences in the amplitude of the minima can also be observed on the cuts performed along x 3 [see Figs. 12(a), 12(c), and 12(e)]. It is assumed that the difference comes from an experimental artifact due either to some imperfections of the replicas or to reflections on the table which has been insufficiently damped by the acoustic foam.
To compare the cuts of Fig. 12 more directly, the same procedure as for the two-tubes replicas has been followed. The maximal mean difference between the simulations and the experiments is 2.8 dB for the FEM and 2.2 dB for the MM.
In summary: The three configurations for the vowel =a= highlight the importance of taking higher order modes into account for high frequency simulations of the vocal tract acoustics. The effect of higher order modes on transfer functions and radiation patterns is emphasized by the eccentric and the elliptic =a= configurations. The measurements and the simulations have also shown that the higher order modes can affect the mid frequency behavior of vocal tract like geometries.
V. CONCLUSION
The conclusions that can be drawn from this study are the following:
(1) Higher acoustical modes can be efficiently predicted using a modal approach. Typical accuracy for resonance frequency is 5%. The resonance bandwidths appeared to be underestimated. This is probably because the viscothermal losses are neglected in the MM implementation and difficult to take into account with time domain FEM solutions. These losses could be included in the future following Bruneau et al. (1987) and Bruneau et al. (1989) . It is to be noted that some works have already dealt with this loss mechanism using FEM in the frequency domain (see, e.g., Lefebvre and Scavone, 2010) .
However, the implementation of frequency dependent boundary conditions to consider visco-thermal losses is not a straightforward task in time domain FEM. Some efficient steps towards this goal can be found in Van den Nieuwenhof and Coyette (2001) . (2) At low and mid frequencies (0-5.5 kHz) the higher order modes only slightly change the resonance frequencies and bandwidths. Their effect at high frequency (above 5 kHz) is more spectacular since they generate additional resonances which cannot be predicted using plane wave theory and anti-resonances corresponding to a standing wave perpendicular to the propagation direction. (3) The higher order modes are highly dependent on the geometrical approximation of the vocal tract. For a given area the cut-on frequency of higher acoustical modes depends on the cross section shape. (4) The connection between the different sections of the vocal tract approximation is also of great importance. It has been shown that, because of the asymmetry of the first non-planar propagation mode, a centered concatenation of tubes will prevent the apparition of this mode. (5) The FEM allows studying any complex geometry with
any kind of open end but requires a long simulation duration (about 24 h in a serial computing system with processor Intel V R Core TM i5 2.8 Ghz for the simulations presented in this paper) and it needs to mesh a part of the outer space. On the other hand, the MM has shorter simulation durations (about 1 h on a desktop computer with processor Intel V R Core TM vPro TM 3.0 Ghz for the simulations presented in this paper) and do not require any other discretization than the vocal tract but is limited to simple straight geometries at the present time. (6) In this work the human head geometry has been roughly approximated by a rigid flat baffle. The effects of more realistic finite flange assumptions (see, e.g., Arnela et al., 2013) on higher order mode propagation will be investigated in the future.
These conclusions indicate that the greatest care should be taken when processing data obtained from imaging techniques such as MRI into 3D geometrical data. The perceptual relevance of these higher acoustical modes can be questioned in the case of vowels since the sound source, the glottal pulses, is essentially of low frequency nature. However, harmonic energy at high frequencies is an essential feature of normal/bright voice quality. Furthermore, the occurrence of higher order acoustical modes is predicted to happen in the range of 4-5 kHz, which corresponds to the maximum of sensitivity of the human ear.
Concerning the radiated sound field, the presence of higher order modes is a plausible explanation for directivity effects at high frequency (Monson et al., 2012) which cannot be explained by plane wave theory. The present study will be extended to the case of fricative sounds for which, due to the wide-band spectrum of the turbulent source as well as its location, higher order modes are expected not only to be essential in terms of propagation and radiation, but also in terms of aeroacoustic interaction with the sound generation (Hirschberg et al., 1995) . Fig. 11 along the propagation axis x 3 (left column) and the axis x 2 just in front of the open end (right column) measured and simulated on three simplified vowel =a= vocal tract replicas with (top) centric junctions and circular cross-sections, (middle) eccentric junctions and circular cross-sections and (bottom) eccentric junctions and elliptical cross-sections. A 10 dB shift has been applied between the maxima of the three curves for visualization purposes.
